¢

LAWRENCE
LIVERMORE
NATIONAL
LABORATORY

UCRL-JRNL-218397

Phonon Density of States and Sound
Velocities of Magnesiowdstite in Earth's
Lower Mantle

J.-F. Lin, S. D. Jacosben, W. Sturhahn, J.
Jackson, J. Zhao, C.-S. Yoo

January 25, 2006

Geophysical Research Letters



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



Lin et al., mw-SoundVelocities, Science ms, 01/27/2006 1

Phonon Density of States and Sound Velocities of

Magnesiowadstite in Earth’s Lower Mantle

Jung-Fu Lin", Steven D. Jacobsen', Wolfgang Sturhahn®, Jennifer M. Jackson', Jiyong
Zhao®, Choong-Shik Yoo®

“Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550
"Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd.
NW, Washington, DC 20015

“Advanced Photon Source, Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, IL 60439

Corresponding author and requests for materials should be addressed to:
Jung-Fu Lin, Lawrence Livermore National Laboratory, 7000 East Avenue, L-415
Livermore, CA 94550, Tel: (925) 4244157, Fax: (925) 422-6594, Email: lin24@lInl.gov



Lin et al., mw-SoundVelocities, Science ms, 01/27/2006 2

The partial phonon densities of states of iron in magnesiowdtstite [(Mgo.75,F€o.25)O]
have been measured by nuclear inelastic X-ray scattering up to 109 GPa.
Compressional and shear wave velocities, shear moduli, and their pressure
derivatives increase significantly across the spin-pairing transition of iron in
(Mgo.75,Feo.25)O at approximately 50 GPa. The effects of the transition on the elastic
properties of (Mg,Fe)O at lower-mantle pressures are in contrast to what was
predicted by studying MgO and high-spin magnesiowustite, and need to be
considered in future geophysical modeling of the lower mantle. The transition also

affects other thermodynamic properties of magnesiowustite under high pressures.

The transition metal oxide (Mg,Fe)O (magnesiowiistite) is thought to be the second most
abundant mineral in the Earth’s lower mantle after silicate perovskite, aluminous
(Mg,Fe)SiO; [1-13]. Pressure-induced electronic spin-pairing transitions of iron in
magnesiowlistite have been predicted by theoretical calculations [1] and detected by X-
ray emission spectroscopy [5,8], Mdssbauer spectroscopy [10,13], and X-ray diffraction
[8,11]. These studies indicate that an isosymmetric spin-pairing transition from a
paramagnetic high-spin state to a diamagnetic low-spin state occurs in MgO-rich
magnesiowlistite, and that addition of iron into MgO stabilizes the high-spin state to
higher pressures [13]. The electronic spin-pairing transition in (Mg,Fe)O may terminate
at a critical temperature [9], widening the spin transition to a more gradual spin crossover
over an extended pressure range at high temperatures. Since magnesiowlistite constitutes
a considerable volume fraction of the lower mantle (~10-20%), an understanding of the
effects of the electronic spin-pairing transition on the thermoelastic and transport

properties of (Mg,Fe)O is crucial to modeling deep-Earth geodynamics and geochemistry
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[2,7]. A recent X-ray diffraction study of (Mg s3,Feo.17)O to 135 GPa showed a dramatic
jump in the isothermal bulk modulus (Kr) and bulk sound velocity (Vo) at the spin-paring
transition [8], but compressional (Vp) and shear (Vs) wave velocities and shear modulus
(G) of the low-spin magnesiowiistite have not previously been measured. Here we have
determined the partial phonon densities of states (PDOS) of iron in (Mg 7s,Feo25)O by
nuclear resonant inelastic X-ray scattering (NRIXS) up to 109 GPa. NRIXS using a high-
intensity synchrotron X-ray source probes the PDOS for *’Fe incorporated into ° Fe-
bearing samples [14], and has been used with a diamond-anvil cell (DAC) to determine
the elastic, thermodynamic, and vibrational properties of >’Fe-containing materials at
high pressure [15-19]. We have derived the elastic, thermodynamic, and vibrational
properties of (Mg 75,Fe25)O from the PDOS, including Vp, Vs, and G. These properties
are used to understand the effects of the electronic spin-pairing transition on the physical
properties of magnesiowiistite in the Earth’s lower mantle.

High-pressure NRIXS experiments were conducted at sector 3 of the Advanced
Photon Source (APS), Argonne National Laboratory (ANL) [14,20]. Energy spectra were
obtained by tuning the X-ray energy (+70 meV to £90 meV in steps of 0.25 meV) around
the nuclear transition energy of 14.4125 keV with an energy resolution of 1 meV. The
Fe-K.p fluorescence radiation, emitted with time delay relative to the incident X-ray
pulses, was collected by three avalanche photodiode detectors. The counting time for
each NRIXS spectrum was approximately one hour, and ten to twenty spectra were
collected and added at each pressure.

A quasiharmonic model was used to extract the PDOS from the measured energy
spectra (Fig. 1) [14]. While the integration of the PDOS gives the -elastic,

thermodynamic, and vibrational parameters from the contribution of the iron atoms in
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(Mgo.75,Feo25)O, the bulk Debye sound velocity (Vp) of the sample is derived from
parabolic fitting of the low-energy slope of the PDOS in the range of approximately 0.2
meV to 15 meV after applying a correction factor, the cube root of the ratio of the mass
of the nuclear resonant isotope (°’Fe) to the average atomic mass of the sample [16]. The
procedure of deriving Vp, Vs, and G from the Vp and equation of state (EOS) parameters,
namely the adiabatic bulk modulus (Ks) and density (p), has been described previously
[14-16,18,20]. Here we used the EOS parameters for the high-spin and low-spin
magnesiowiistite from a recent X-ray diffraction study [8] using Birch-Murnaghan EOS
[21]; the Kg and its pressure derivative of MgO with the density of (Mgg.7s5,Fe25)O was
also used to calculate the Vp, Vs, and G for the low-spin magnesiowlistite and to
understand the potential influence of the input EOS on the derived parameters [22,23],
because a separate X-ray diffraction study indicates that the compression curves of the
low-spin phases in various (Mg,Fe)O compositions are identical to that of MgO [11]. The
NRIXS technique is particularly well suited for constraining Vs and G from a precise
measurement of Vp because they are considerably less sensitive to the choice of EOS
input data (Ks, p) compared with Vp [18] (Fig. 2). Under ambient conditions, our Vp, Vs,
and G values are consistent with previous ultrasonic measurements [3] (Fig. 2), verifying
the procedure for deriving sound velocities from PDOS. Compared with MgO [23],
addition of 25 atom% FeO into MgO significantly reduce the value of Vp, Vs, and G for
the high-spin magnesiowiistite, while the value of Kg is unchanged within experimental
uncertainties, consistent with recent high-pressure ultrasonic and Brillouin studies
[3,4,6,7,12]. An abnormal behavior in the elastic, thermodynamic, and vibrational
properties in (Mg 7s5,Fep25)O occurs between 42 GPa and 62 GPa (Fig. 2-3). The high-

pressure low-spin magnesiowlistite exhibits a much higher Vp, Vs, and G than the low-
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pressure high-spin magnesiowiistite (Fig. 2). An additional important observation is that
there is a significant increase in the pressure derivatives of the Vp, Vs, and G for the low-
spin magnesiowiistite, as compared to the high-spin magnesiowlistite.

The electronic spin-pairing transition of iron are also found to significantly influence
other elastic, thermodynamic and vibrational properties of (Mg 75,Fe25)O (Fig. 3); the
mean force constant (Dgy), Lamb-Mossbauer factor (f ), kinetic energy (Ex), and kinetic
energy at 0 K (E,) all increase while vibrational specific heat (C,i) and vibrational
entropy (Syip) decrease across the electronic transition at ~50 GPa [20]. The observed
increase in the D,y and fLv across the transition are, in general, consistent with the
increase in the Kg reported by a recent X-ray diffraction study [8]. The Ks can be
attributed from two main factors, the interatomic force constant and the electronic
contribution, where the interatomic force constant is directly related to the D,y through
[17,24]:

M Di

Wi v

where V is the volume of a polyhedra, M is a constant determined by the geometry of the
polyhedra, and i indicates an atom in the polyhedra. Assuming the change in M is small
across the transition [17] and scaling the D,, with the cube root of the unit cell volume of
(Mgo.75,Fe25)O (see equation 1), the observed increase in the D,y across the spin-pairing
transition indicates an increase in the interatomic force constant and hence the observed
jump in the bulk modulus. On the other hand, the electronic contribution to the bulk
modulus should be negligible because magnesiowustite is most likely an insulator across

the transition. The Lamb-Mdssbauer factor (fiv), is related to the mean square

displacement (<u®>) by
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fin = e (2)
where Kk is the wavenumber of the absorbed X-ray photon [14]. Therefore, an increase in
the fum indicates a much reduced displacement of iron atoms and stiffening in the low-
spin (Mgo.7s,Feo25)O (Fig. 3), also consistent with the increase in G and Kg across the
transition.

The dramatic effects of the spin transition of iron on the elastic and thermodynamic
properties of magnesiowustite reported here have important implications for the
geophysics of the Earth’s lower mantle [1,7,25-28], first-principle theoretical calculations
[29], and electronic spin-pairing transitions in other transition metal oxide systems
[30,31]. Measurements of the sound velocities and elasticity of magnesiowiistite and
silicate perovskite, the most abundant mineral assemblage of the lower mantle, under
high pressures and/or high temperatures have been used to relate seismic observations in
Earth’s lower mantle and to infer its mineralogy and chemistry; however, these studies
for magnesiowlistite were often limited to the high-spin state [2,7,25-29]. Comparison
between the Vp and Vs of the lower mantle and that of the synthetic pyrolite model
[26,27] with silicate perosvkite and magnesiowustite under high pressures and
temperatures has shown that the pressure derivatives of the Vp and Vg of these minerals,
including magnesiowustite, are too high to match the seismic model of the lower mantle
toward the deep lower mantle below 60 to 70 GPa (approximately 1500 km in depth);
these systematic deviations cannot be accounted for by temperature effects alone [7,27-
29]. Although the nature of the electronic spin-pairing transition under Earth’s mantle
conditions have yet to be understood experimentally, recent theoretical predictions

suggest that the transition in magnesiowiistite would occur over an extended pressure
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range of approximately 30 GPa (or ~700 km in depth) [9]. In this case, the associated
increase in the Vp, Vs, G, Ks, and their pressure derivatives across a gradual spin
crossover in magnesiowiistite would further gradually increase the mismatch between the
synthetic pyrolite model and PREM. That is, a stronger radial inhomogeneity in the
deeper part of the lower mantle would be needed to account for the mismatch [32,33].
The effects of the transition on the elastic properties of (Mg,Fe)O at lower-mantle
pressures are in contrast to what was predicted by studying pure MgO and high-spin
magnesiowlistite, and may reconcile observed seismic heterogeneity and possible
compositional layering in Earth's lower mantle. It also remains to be seen how high
temperature affects the elastic, thermodynamic, and transport properties of the low-spin
magnesiowiistite under lower mantle conditions, but the emerging picture of the Earth's
deeper mantle from the presence of the most abundant transition metal, iron, in
magnesiowlistite and the associated effects on the thermoelastic properties across the
electronic spin-pairing transition indicates that previous models of lower-mantle
velocities from mineral physics data using pure MgO or (Mg,Fe)O containing high-spin
Fe are insufficient to correctly model the behavior of this abundant phase in the lower
mantle. Therefore, the dramatic effects of the spin transition on the elastic and
thermodynamic properties of (Mg,Fe)O need to be taken into account in future

geophysical and geochemical models of the Earth's complex lower mantle.
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Figure Captions:

Fig. 1. PDOS of (Mg 75,Feo25)O under high pressures. The spectral features of PDOS are
shifted to higher energies with increasing pressure, whereas the energy shift is much
more significant across the electronic spin-pairing transition from 42 to 62 GPa. The low-
energy slope of the PDOS in the range of 0.2 meV to 15 meV is used to derive the bulk
Debye sound velocity (Vp) [14,16].

Fig. 2. Comparison of aggregate Vp (A), Vs (B), and G (C) of (Mgo.7s,Feo25)O at high
pressures. Open circles: this study based on the Birch-Murnaghan EOS [21] of Lin et al.
[8]; Dashed lines: this study based on the Kg and its pressure derivative of MgO with the
density of (Mgp7s,Fep2s)O [11,23]; Dash-dotted lines: Vp, Vs, and G of MgO [23];
Dotted lines: (Mgoos,Feo0s)O from Brillouin measurements [12]; Solid lines:
(Mgos3,Feo.17)O from previous ultrasonic measurements [2]; Open squares: Vp, Vg, and
G of single-crystal (Mgg76,Feo24)O at ambient conditions from previous ultrasonic
measurements [3]. Errors are based on the statistics of the data, and some error bars are

smaller than the symbol size.

Fig. 3. Elastic, thermodynamic, and vibrational parameters as a function of pressure
obtained from integration of the PDOS [20]. (A): mean force constant, D,; (B):
Lamb-Maossbauer factor, fiym; (C): vibrational specific heat, Cyi, (kg, Boltzmann
constant); (D): vibrational entropy, Siv; (E): kinetic energy at 0 K, Ez; (F): kinetic
energy, Ex. We note that these values only represent the contribution of the Fe

sublattice in (Mgo.75,Feo.25)0.
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Supporting Online Material

Materials and Methods:
Polycrystalline (Mgo.7s,Fe25)O with ~95% enrichment in *’Fe was synthesized in an
oxygen fugacity controlled gas-mixing furnace [S1,S2]. X-ray diffraction and Mdssbauer
spectra of the sample indicate the sample was free of magnetite (Fe;O4) contamination
and the Fe** content was below detection levels of ~1%. For experiments below 33 GPa,
the sample was loaded into the sample chamber of a DAC with a neon pressure medium
and a few ruby balls. For experiments above 33 GPa, a perforated diamond [S3] having
100 um inner culet, 300 um outer culet, and a bevel angle of 9 degrees on the side of the
incident X-ray beam was used to reduce absorption by the anvil, allowing NRIXS spectra
to be collected within a reasonable time frame of less than a day. A beryllium gasket of 3
mm in diameter was pre-indented to a thickness of 30 um and a hole of 250 um was
drilled in it. Subsequently, amorphous boron powder was inserted into the drilled hole
and a smaller hole of 50 um in diameter was drilled and used as the sample chamber. Use
of the boron gasket insert helps to strengthen the Be gasket, increase the sample volume,
and reduce the axial pressure gradients [S4]. The very small and highly focused X-ray
beam of less than 10 um in diameter also helps to reduce the pressure uncertainty caused
by the radial pressure gradient. Pressures were determined using the ruby fluorescence
scale [S5], and the pressure uncertainty (1c) was estimated from multiple pressure
measurements from the ruby balls in the sample chamber.

The adiabatic bulk modulus (Ks), density (p), and bulk Debye sound velocity (Vp)

are used to solve for the aggregate Vp, Vs, and G by the following equations [S6]:
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STable 1 Elastic, vibrational, and thermodynamic parameters of (Mgo.75,Feo.25)O

obtained from the NRIXS study in a DAC. Adiabatic bulk modulus, Ks; compressional

wave velocity, Vp; shear wave velocity, Vs; shear modulus, G; mean force constant, D,y;

Lamb-Maéssbauer factor, f_y; vibrational specific heat, Cyip (kg, Boltzmann constant);

vibrational entropy, Syip; Kinetic energy, Ex; kinetic energy at T=0, Ez . Errors are based

on the statistics of the data. Under ambient conditions, the thermoelastic parameters for

(Mgo.76,F€0.24)O by ultrasonic measurements under ambient conditions [S7] are: Ks=165

(+2) GPa, G=102 (+3), Vp=8.51 (+0.09) km/s, and Vs; =4.95 (+0.08), consistent with our

study and verifying the procedure for deriving sound velocities from PDOS
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